The abundance of protein and RNA molecules in a cell depends both on their rates 52 of production and degradation. These rates are determined directly or indirectly by the 53 sequence of DNA. The transcription rate of RNA and the rate of degradation of proteins is 54 determined by DNA and protein sequences, respectively. However, most regulatory steps 55 that control gene expression are influenced by the sequence of the RNA itself. These 56 processes include RNA splicing, localization, stability, and translation, all of which can be 57 regulated by RNA-binding proteins (RBPs) that specifically recognize short RNA 58 sequence elements (Glisovic et al., 2008). 59
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Identification of RNA-binding motifs using HTR-SELEX 118 119
To identify binding specificities of human RBPs, we established a collection of 120 canonical and non-canonical full-length RBPs and RNA binding domains. The full-length 121 constructs representing 819 putative RBPs were picked from the Orfeome 3.1 and 8.1 122 collections (Lamesch et al., 2007) based on annotations of the CisBP database for 123 conventional RBPs (Ray et al., 2013) and Gerstberger et al. (Gerstberger et al., 2014) amino-acids of flanking sequence (see Table S1 for details). For some very large RBPs, 128 constructs were also made that contained only a subset of their RBDs. Taken together our 129 clone collection covered 942 distinct proteins. The RBPs were expressed in E.coli as 130 fusion proteins with thioredoxin, incorporating an N-terminal hexahistidine and a C-131 terminal SBP tag (Jolma et al., 2015) . 132
To identify RNA sequences that bind to the proteins, we subjected the proteins to 133 HTR-SELEX ( Figure 1A ). In HTR-SELEX, a 40 bp random DNA sequence containing a 134 sample index and 5' and 3' primer binding sequences is transcribed into RNA using T7 135 RNA polymerase, and incubated with the individual proteins in the presence of RNase 136 inhibitors, followed by capture of the proteins using metal-affinity resin. After washing 137
and RNA recovery, a DNA primer is annealed to the RNA, followed by amplification of the 138 bound sequences using a reverse-transcription polymerase chain reaction (RT-PCR) 139 using primers that regenerate the T7 RNA polymerase promoter. The entire process is 140 repeated up to a total of four selection cycles. The amplified DNA is then sequenced, 141 followed by identification of motifs using the Autoseed pipeline (Nitta et al., 2015) 142 modified to analyze only the transcribed strand. Compared to previous methods such as 143 RNAcompete, HTR-SELEX uses a selection library with very high sequence complexity, 144 allowing identification of long RNA binding preferences. 145
The analysis resulted in generation of 145 binding specificity models for 86 RBPs. 146 Most of the results (66 RBPs) were replicated in a second HTR-SELEX experiment. The 147 success rate of our experiments was ~ 22% for the canonical RBPs, whereas the fraction 148 of the successful non-canonical RBPs was much lower (~ 1.3%; Table S1 ). Comparison 149 of our data with a previous dataset generated using RNAcompete (Ray et al., 2013 ) and 150 RNA Bind-n-Seq (Dominguez et al., 2018) and to older data that has been compiled in the 151 RBPDB-database (Cook et al., 2011) revealed that the specificities were generally 152 consistent with the previous findings ( Figures S1 and S2) . HTR-SELEX resulted in 153 generation of a larger number of motifs than the previous systematic studies, and 154 revealed the specificities of 38 RBPs whose high-resolution specificities were not 155 previously known ( Figure 1B) . Median coverage per RBD family was 24 % ( Figure 1C ).
156
Compared to the motifs from previous studies, the motifs generated with HTR-SELEX 157 were also wider, and had a higher information content ( Figure S3 ), most likely due to the 158 fact that the sequences are selected from a more complex library in HTR-SELEX (see also 159 (Yin et al., 2017) ). The median width and information contents of the models were 10 160 bases and 10 bits, respectively. 161 162 163
Some RBPs bind to RNA as dimers 164 165 Analysis of enriched sequences revealed that 31% of RBPs could bind to a site 166 containing a direct repeat of the same sequence ( Figure S4 ). Such direct repeats were 167 also bound by RBPs having only a single RBD, suggesting that some RBPs could form 168 homodimers, or interact to form a homodimer when bound to RNA ( Table S2 ). The gap 169 between the direct repeats was generally short, with a median gap of 5 nucleotides 170 ( Figure S4 ). To determine whether the HTR-SELEX identified gap length preferences 171
were also observed in sites bound in vivo, we compared our data against existing in vivo 172 data for five RBPs for which high quality PAR-CLIP and HITS-CLIP derived data was 173 available from previous studies (Farazi et al., 2014; Hafner et al., 2010; Weyn-174 Vanhentenryck et al., 2014) , and found that preferred spacing identified in HTR-SELEX 175 was in most cases also observed in the in vivo data ( Figure S5 ). 176 177 178
Recognition of RNA structures by RBPs 179 180
Unlike double-stranded DNA, whose structure is relatively independent of 181 sequence, RNA folds into complex, highly sequence-dependent three dimensional 182 structures. To analyze whether RBP binding depends on RNA secondary structure, we 183 identified characteristic patterns of dsRNA formation by identifying correlations between 184 all two base positions either within the motif or in its flanking regions, using a measure 185 described in Nitta et al., (Nitta et al., 2015) that is defined by the difference between 186 observed count of combinations of a given set of two bases and their expected count 187 based on a model that assumes independence of the positions (Figure 2A) . The vast 188 majority of the observed deviations from the independence assumption were consistent 189 with the formation of an RNA stem-loop structure (example in Figure 2B ). In addition, 190
we identified one RBP, LARP6, that bound to a predicted internal loop embedded in a 191 double-stranded RNA stem ( Figure 2C, Figure S6 ). This binding specificity is consistent 192 with the earlier observation that LARP6 binds to stem-loops with internal loops found in 193 mRNAs encoding the collagen proteins COL1A1, COL1A2 and COL3A1 (Cai et al., 2010) 194 ( Figure S6 ).
195
In total, 69% (59 of 86) of RBPs recognized linear sequence motifs that did not 196 appear to have a preference for a specific RNA secondary structure. The remaining 31% 197 (27 of 86) of RBPs could bind at least one structured motif ( Figure 2D) ; this group 198 included several known structure-specific RBPs, such as RC3H1, RC3H2 (Leppek et al., 199 2013 ), RBMY1E, RBMY1F, RBMY1J (Skrisovska et al., 2007 and HNRNPA1 (Chen et al., 200 2016; Orenstein et al., 2018) . A total of 15 RBPs bound exclusively to structured motifs, 201 whereas 12 RBPs could bind to both structured and unstructured motifs. The median 202 length of the stem region observed in all motifs was 5 bp, and the loops were between 3 203 and 15 bases long, with a median length of 11 ( Figure 2E ). Of the RBP families, KH and 204 HEXIM motifs we found were linear, whereas some proteins from RRM, CSD, Zinc finger 205 and LA-domain families could bind to both structured and unstructured sites ( Figure S7 ).
206
To model RBP binding to stem-loop structures, we developed a simple stem-loop 207 model (SLM; Figure 2B ). This model describes the loop as a position independent model 208 (PWM), and the stem by a nucleotide pair model where the frequency of each 209 combination of two bases at the paired positions is recorded. In addition, we developed 210 two different visualizations of the model, a T-shaped motif that describes the 211 mononucleotide distribution for the whole model, and the frequency of each set of bases 212 6 at the paired positions by thickness of edges between the bases (Figure 3) , and a simple 213 shaded PWM where the stem part is indicated by a gray background where the darkness 214 of the background indicates the fraction of bases that pair with each other using Crick or G:U base pairs (Figure 3) . On average, the SLM increased the information content 216 of the motifs by 4.2 bits ( Figure S8) . A more detailed analysis of the number of paired 217 bases within 10 bp from the seed sequence of MKRN1 revealed, as expected from the 218 correlation structure, that >80% of individual sequence reads had more than four paired 219 bases, compared to ~15% for the control RBP (ZRANB2) for which a structured motif was 220 not identified (Figure 3) . 221 222 223
Classification of RBP motifs 224
To analyze the motif collection globally, we developed PWM and SLM models for 225 all RBPs. To compare the motifs, we determined their similarity using SSTAT (Pape et al., 226 2008) . To simplify the analysis, PWM models were used for this comparison even for 227
RBPs that bound to the structured motifs. We then used the dominating set method 228 (Jolma et al., 2013) to identify distinctly different motifs ( Figure S9) . Comparison of the 229 motifs revealed that in general, the specificities of evolutionarily related RBPs were 230 similar (Figure 4 and Figure S9 ). For the largest family, RRM, a total of 96 motifs were 231
represented by 47 specificity classes, whereas the smaller families CCCH, KH, CSD, and 232 HEXIM were represented by 9, 10, 6 and 1 classes, representing 17, 11, 7 and 2 individual 233 motifs, respectively ( Figure S9 ).
234
Analysis of the dinucleotide content of all motifs revealed unexpected differences 235 in occurrence of distinct dinucleotides within the PWMs. The dinucleotides GG, GU, UG 236 and UU were far more common than other dinucleotides ( Figure 4G ; fold change 2.75; p 237 < 0.00225; t-test). This suggests that G and U bases are most commonly bound by RBPs. 238
This effect was not due to the presence of stem structures in the motifs, as the 239 unstructured motifs were also enriched in G and U. The masking of G and U bases by 240 protein binding may assist in folding of RNA to defined structures, as G and U bases have 241 lower specificity in base-pairing than C and A, due to the presence of the non-Watson-242
Crick G:U base pairs in RNA. 243
Most RBPs bound to only one motif. However, 41 RBPs could bind to multiple 244 different motifs ( Figure 5) . In five cases, the differences between the primary and 245 secondary motif could be explained by a difference in spacing between the two half-sites. 246
In 12 cases, one of the motifs was structured, and the other linear. In addition, in eight 247
RBPs the primary and secondary motifs represented two different structured motifs, 248 where the loop length or the loop sequence varied ( Figure 5 ). In addition, for four RBPs, 249 we recovered more than two different motifs. The most complex binding specificity we 250 identified belonged to LARP6 (Figures 5 and S10) , which could bind to multiple simple 251 linear motifs, multiple dimeric motifs, and the internal loop-structure described above. 252 253
Conservation and occurrence of motif matches 254 255
We next analyzed the enrichment of the motif occurrences in different classes of 256 human transcripts. The normalized density of motifs for each factor at both strands of 257 DNA was evaluated for transcription start sites (TSSs), splice donor and acceptor sites, 258 and translational start and stop positions (see Figure S11 and Supplemental Data S1 259 for full data). This analysis revealed that many RBP recognition motifs were enriched at 260 7 splice junctions. The most enriched linear motif in splice donor sites was ZRANB2, a 261 known regulator of alternative splicing ( Figure 6A ) (Loughlin et al., 2009 and BOLL for which a role in splicing has to our knowledge not been reported ( Figure 6A  276 and Supplemental Data S1) (Rosario et al., 2017; Xia et al., 2017) . 277
To determine whether the identified binding motifs for RBPs are biologically 278 important, we analyzed the conservation of the motif matches in mammalian genomic 279 sequences close to splice junctions. This analysis revealed strong conservation of several 280 classes of motifs in the transcripts (Figure 6B ), indicating that many of the genomic 281 sequences matching the motifs are under purifying selection. 282
Both matches to ZRANB2 and ZC3H12 motifs were also enriched in 5' regions of 283 the sense-strands of known transcripts, but not on the corresponding anti-sense strands. 284
In addition, no enrichment was detected in the potential transcripts that would originate 285 from the same promoters and extend in a direction opposite to that of the mRNAs ( Figure  286 6C). These results suggest that ZRANB2 and ZC3H12 motifs could have a role in 287 differentiating between two RNA species that originate from bidirectional promoters (the 288 sense mRNA transcript and a potential anti-sense non-coding RNA transcript originating 289 from the same bidirectional promoter). 290
To identify biological roles of the motifs, we also used Gene Ontology Enrichment 291 analysis to identify motifs that were enriched in specific types of mRNAs. This analysis 292 revealed that many RBP motifs are specifically enriched in particular classes of 293 transcripts. For example, we found that MEX3B motifs were enriched in genes involved 294 in type I interferon-mediated signaling pathway ( Figure 6D ). content of all the models also revealed a striking bias towards recognition of G and U over 323 C and A. This may reflect the fact that formation of RNA structures is largely based on 324 base pairing, and that G and U are less specific in their base pairings that C and A. Thus, 325
RBPs that mask G and U bases increase the overall specificity of RNA folding in cells. 326
Similar to proteins, depending on sequence, single-stranded nucleic acids may fold 327 into complex and stable structures, or remain largely disordered. Most RBPs preferred 328 short linear RNA motifs, suggesting that they recognize RNA motifs found in unstructured 329 or single-stranded regions. However, approximately 31% of all RBPs preferred at least 330 one structured motif. The vast majority of the structures that they recognized were 331 simple stem-loops, with relatively short stems, and loops of 3-15 bases. Most of the base 332 specificity of the motifs was found in the loop region, with only one or few positions in 333 the stem displaying specificity beyond that caused by the paired bases. This is consistent 334 with the structure of fully-paired double-stranded RNA where base pair edge hydrogen-335 bonding information is largely inaccessible in the deep and narrow major groove. In 336 addition, we identified one RBP that bound to a more complex structure. LARP6 337 recognized an internal loop structure where two base-paired regions were linked by an 338 uneven number of unpaired bases. 339
Compared to TFs, which display complex dimerization patterns when bound to 340 DNA, RBPs displayed simpler dimer spacing patterns. This is likely due to the fact that the 341 backbone of a single-stranded nucleic acid has rotatable bonds. Thus, cooperativity 342 between two RBDs requires that they bind to relatively closely spaced motifs. 343
Analysis of the biological roles of the RBP motif matches indicated that many motif 344 matches were conserved, and specifically located at genomic features such as splice 345 junctions. In particular, our analysis suggested a new role for ZC3H12, BOLL and DAZL 346 proteins in regulating alternative splicing, and MEX3B in binding to type I interferon-347 regulated genes. In particular, the binding of the anti-viral cytoplasmic ZC3H12 proteins 348 (Habacher and Ciosk, 2017; Lin et al., 2013) to splice junctions may have a role in their 349
anti-viral activity, as endogenous cytoplasmic mRNAs are depleted of splice donor 350 9 sequences. As a large number of novel motifs were generated in the study, we expect that 351 many other RBPs will have specific roles in particular biological functions. and RBPDB database (Cook et al., 2011) . Note that our analysis revealed motifs for 38 511
RBPs for which a motif was not previously known. To produce a library of RNA sequences for selection (selection ligands), we first 619 constructed dsDNA templates by combining three oligonucleotides together in a three 620 cycle PCR reaction (Phusion, NEB). For information about the barcoded ligand design, see 621  Table S1 . The ligand design was similar to that used in our previous work analyzing TF 622 binding specificities in dsDNA (Jolma et al., 2013) except for the addition of a T7 RNA 623 polymerase promoter in the constant flanking regions of the ligand. RNA was expressed 624 from the DNA-templates using T7 in vitro transcription (Ampliscribe T7 High Yield 625 Transcription Kit, Epicentre or Megascript-kit Ambion) according to manufacturer's 626 instructions, after which the DNA-template was digested using RNAse-free DNAse I 627 (Epicentre) or the TURBO-DNAse supplied with the Megascript-kit. All RNA-production 628 steps included RiboGuard RNAse-inhibitor (Epicentre). 629
Two different approaches were used to facilitate the folding of RNA molecules. In 630 the protocol used in experiments where the batch identifier starts with letters "EM", RNA-631 ligands were heated to +70°C followed by gradual, slow cooling to allow the RNA to fold 632 into minimal energy structures, whereas in batches "AAG" and "AAH" RNA transcription 633
was not followed by such folding protocol. The rationale was that spontaneous co-634 transcriptional RNA-folding may better reflect folded RNA structures in the in vivo 635
context. In almost all of the cases where the same RBPs were tested with both of the 636 protocols the results were highly similar. 637 638 639
HTR-SELEX assay 640 641
Selection reactions were performed as follows: ~200ng of RBP was mixed on ice 642 with ~1µg of the RNA selection ligands to yield approximate 1:5 molar ratio of protein to 643 ligand in 20µl of Promega buffer (50 mM NaCl, 1 mM MgCl2, 0.5 mM Na2EDTA and 4% 644 glycerol in 50 mM Tris-Cl, pH 7.5). The complexity of the initial DNA library is 645 approximately 10 12 DNA molecules with 40 bp random sequence (~20 molecules of each 646 20 bp sequence on the top strand). The upper limit of detection of sequence features of 647 HTR-SELEX is thus around 40 bits of information content. 648
The reaction was incubated for 15 minutes at +37°C followed by additional 15 649 minutes at room temperature in 96-well microwell plates (4-titude, USA), after which the 650 reaction was combined with 50 µl of 1:50 diluted paramagnetic HIS-tag beads (His Mag  651 Sepharose excel, GE-Healthcare) that had been blocked and equilibrated into the binding 652 buffer supplemented with 0.1% Tween 20 and 0.1µg/µl of BSA (Molecular Biology Grade, 653 NEB). Protein-RNA complexes were then incubated with the magnetic beads on a shaker 654 for further two hours, after which the unbound ligands were separated from the bound 655 beads through washing with a Biotek 405CW plate washer fitted with a magnetic 656 platform. After the washes, the beads were suspended in heat elution buffer (0.5 µM RT-657 primer, 1 mM EDTA and 0.1% Tween20 in 10 mM Tris-Cl buffer, pH 7) and heated for 5 658 minutes at 70°C followed by cooling on ice to denature the proteins and anneal the 659 reverse transcription primer to the recovered RNA library, followed by reverse 660 transcription and PCR amplification of the ligands. The efficiency of the selection process 661 was evaluated by running a qPCR reaction on parallel with the standard PCR reaction. 662 663 664
Sequencing and generation of motifs 665 666 PCR products from RNA libraries (indexed by bar-codes) were pooled together, 667 purified using a PCR-purification kit (Qiagen) and sequenced using Illumina HiSeq 2000 668 (55 bp single reads). Data was de-multiplexed, and initial data analysis performed using 669 the Autoseed algorithm (Nitta et al., 2015) that was further adapted to RNA analysis by 670 taking into account only the transcribed strand and designating uracil rather than 671 thymine. Autoseed identifies gapped and ungapped kmers that represent local maximal 672 counts relative to similar sequences within their Huddinge neighborhood (Nitta et al., 673 2015) . It then generates a draft motif using each such kmer as a seed. This initial set of 674 motifs is then refined manually to identify the final seeds (Table S2) , to remove artifacts 675 due to selection bottlenecks and common "aptamer" motifs that are enriched by the HTR-676 SELEX process itself, and motifs that are very similar to each other. To assess initial data, 677
we compared the deduced motifs to known motifs, to replicate experiments and 678 experiments performed with paralogous proteins. Individual results that were not 679 supported by replicate or prior experimental data were deemed inconclusive and were 680 not included in the final dataset. Draft models were manually curated (AJ, JT, QM, TRH) 681 to identify successful experiments, and final models were generated using the seeds 682 indicated in Table S2 . 683
Autoseed detected more than one seed for many RBPs. Up to four seeds were used 684 to generate a maximum of two unstructured and two structured motifs. Of these, the 685 motif with largest number of seed matches using the multinomial setting indicated on 686 Table S2 was designated the primary motif. The motif with the second largest number of 687 matches was designated the secondary motif. The counts of the motifs represent the 688 prevalence of the corresponding motifs in the sequence pool (Table S2) . Only these 689 primary and secondary motifs were included in further analyses. Such additional motifs 690 are shown for LARP6 in Figure S10 . 691
To find RBPs that bind to dimeric motifs, we visually examined the PWMs to find 692 direct repeat pattern of three or more base positions, with or without a gap between them 693 (see Table S2 ). The presence of such repetitive pattern could be either due to dimeric 694 binding, or the presence of two RBDs that bind to similar sequences in the same protein.
695
To identify structured motifs, we visually investigated the correlation diagrams 696 for each seed to find motifs that displayed the diagonal pattern evident in Figure 2B . The 697 plots display effect size and maximal sampling error, and show the deviation of 698 nucleotide pair distribution from what is expected from the distribution of the individual 699 nucleotides. For each structured motif, SLM models (Table S3) were built from 700 sequences matching the indicated seeds; a multinomial 2 setting was used to prevent the 701 paired bases from influencing each other. Specifically, when the number of occurrence of 702 each pair of bases was counted at the base-paired positions, neither of the paired bases 703 was used to identify the sequences that were analyzed. The SLMs were visualized either 704 as the T-shaped logo (Figure 3) or as a PWM type logo where the bases that constitute 705 the stem were shaded based on the total fraction of A:U, G:C and G:U base pairs. prediction. For analysis in Figure 3 , we extracted all sequences that matched the binding 717 sequences of MKRN1 and ZRANB2 (GUAAAKUGUAG and NNNGGUAAGGUNN, 718 respectively; N denotes a weakly specified base) flanked with ten bases on both sides 719 from the cycle four of HTR-SELEX. Subsequently, we predicted their secondary structures 720 using the program RNAfold (Vienna RNA package; (Lorenz et al., 2011)) followed by 721 counting the predicted secondary structure at each base position in the best reported 722 model for each sequence. For both RBPs, the most common secondary structure for the 723 bases within the defined part of the consensus (GUAAAKUGUAG and GGUAAGGU) was the 724 fully single stranded state (82% and 30% of all predicted structures, respectively). To 725 estimate the secondary structure at the flanks, the number of paired bases formed 726 between the two flanks were identified for each sequence. Fraction of sequences with 727 specific number of paired bases are shown in Figure 3 . 728 729 730
Motif mapping 731 732
To gain insight into the function of the RBPs, we mapped each motif to the whole 733 human genome (hg38). We applied different strategies for the linear and the stem-loop 734 motifs. For the linear motifs, we identified the motif matches with MOODS (Korhonen et  735 al., 2017) with the following parameter setting: --best-hits 300000 --no-snps. For the 736 stem-loop motifs, we implemented a novel method to score sequences against the SLMs. 737
The source code is available on GitHub: https://github.com/zhjilin/rmap. 738
We identified the 300,000 best scored matches in the genome, and further 739 included any matches that had the same score as the match with the lowest score, leading 740 19 to at least 300,000 matches for each motif. The matches were then intersected with the 741 annotated features from the ENSEMBL database (hg38, version 91), including the splicing 742 donor (DONOR), splicing acceptor (ACCEPTOR), the translation start codon 743 (STARTcodon), the translation stop codon (STOPcodon) and the transcription starting 744 site (TSS). The above features were filtered in order to remove short introns (<50bp), and 745 features with non-intact or non-canonical start codon or stop codon. The filtered features 746 were further extended 1kb both upstream and downstream in order to place the feature 747 in the centre of all the intervals. The motif matches overlapping the features were counted 748 using BEDTOOLS (version 2.15.0) and normalized by the total number of genomic 749 matches for the corresponding motif. 750 751 752
Motif comparisons and GO analysis 753 754
To assess the similarity between publicly available motifs and our HTR-SELEX 755 data, we aligned the motifs as described in (Jolma et al., 2015) ( Figure S1 ). To determine 756
whether RBPs with similar RBDs recognize and bind to similar targets, we compared the 757 sequences of the RBDs and their motifs. First, the RBPs were classified based on the type 758 and number of RBDs. For each class, we then extracted the amino-acid sequence of the 759
RBPs starting from the first amino acid of the first RBD and ending at the last amino acid 760 of the last RBD. We also confirmed the annotation of the RBDs by querying each amino 761 acid sequence against that SMART database, and annotated the exact coordinates of the 762 domains through the web-tools: http://smart.embl-heidelberg.de and 763 http://smart.embl-heidelberg.de/smart/batch.pl. Sequence similarities and trees were 764 built using PRANK (Loytynoja and Goldman, 2005) (parameters: -d, -o, -showtree). The 765 structure of the tree representing the similarity of the domain sequence was visualized 766 using R (version 3.3.1). 767
For identification of classes of transcripts that are enriched in motif matches for 768 each RBP, we extracted the top 100 transcripts according to the score density of each RBP 769 motif. These 100 transcripts were compared to the whole transcriptome to conduct the 770 GO enrichment analysis for each motif using the R package ClusterProfiler (version 3.0.
5). 771
To analyze conservation of motif matches, sites recognized by each motif were 772 searched from both strands of 100 bp windows centered at the features of interest 773 (acceptor, donor sites) using the MOODS program (version 1.0.2.1). For each motif and 774 feature type, 1000 highest affinity sites were selected for further analysis regardless of 775 the matching strand. Whether the evolutionary conservation of the high affinity sites was 776
explained by the motifs was tested using program SiPhy (version 0.5, task 16, 777 seedMinScore 0) and multiz100way multiple alignments of 99 vertebrate species to 778 human (downloaded from UCSC genome browser, version hg38). A site was marked as 779 being conserved according to the motif if its SiPhy score was positive meaning that the 780 aligned bases at the site were better explained by the motif than by a neutral evolutionary 781 model (hg38.phastCons100way.mod obtained from UCSC genome browser). Two motifs 782
were excluded from the analysis because the number of high affinity sites that could be 783 evaluated by SiPhy was too small. The hypothesis that the motif sites in the sense strand 784
were more likely to be conserved than sites in the antisense strand was tested against the 785 null hypothesis that there was no association between site strand and conservation using 786
Fisher's exact test (one-sided the same time, the 3-mer distributions at these two positions will be correlated. Such 797 biased joint distribution can then be detected as an increase in MI between the positions. 798
Specifically, MI between two non-overlapping positions (pos1, pos2) was 799 estimated using the observed frequencies of a 3-mer pair (3+3-mer), and of its 800 constituent 3-mers at both positions: 801
where P(3+3-mer) is the observed probability of the 3-mer pair (i.e. gapped or ungapped 802 6 mer). Ppos1 , respectively, are the marginal probabilities of the 803 constitutive 3-mers at position 1 and position 2. The sum is over all possible 3-mer pairs. 804
To focus on RBPs that specifically bind to a few closely related sequences, such as 805
RBPs with well-defined motifs, it is possible to filter out most background non-specific 806 bindings (e.g., selection on the shape of RNA backbone) by restricting the MI calculation, 807 to consider only the most enriched 3-mer pairs for each two non-overlapping positions. The left three structures were generated using the sequences enriched in HTR-SELEX. 853
The right three structures illustrate the predicted structures of known collagen RNA 854 sequences. The dash-line indicates the internal base pair. The number labels the position 855 of the base in the RNA sequence. 856 857 Figure S7 . RBP families with and without structural specificity 858
The count of RBPs recognizing structured and unstructured binding motifs in each 859 protein structure family. 860 861 Figure S8 . 107.2% max error: 17.3% 
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